Abstract. Fluoroquinolone antibiotics induce cytotoxicity in various cancer cell lines and may therefore represent a potentially important source of novel anticancer agents. The aim of the present study was to examine the effect of ciprofloxacin on the viability, redox balance, apoptosis, expression of p53, Bax and Bcl-2, cell cycle distribution and DNA fragmentation of triple-negative MDA-MB-231 breast cancer cells. The results of the present study demonstrated that ciprofloxacin decreases cell viability in a dose-and time-dependent manner. The half maximal inhibitory concentration values of ciprofloxacin in MDA-MB-231 cells following treatment for 24, 48 and 72 h were 0.83, 0.14 and 0.03 µmol/ml, respectively. Furthermore, it was demonstrated that ciprofloxacin altered the redox signaling pathway, as determined by intracellular glutathione depletion. The results of Annexin V/propidium iodide staining revealed that ciprofloxacin triggered the apoptosis of MDA-MB-231 cells. Furthermore, cipfloxacin treatment stimulated the loss of the mitochondrial transmembrane potential via the Bax/Bcl-2-dependent pathway, thus inducing apoptosis. Ciprofloxacin induced cell cycle arrest at the S-phase; therefore it was hypothesized that ciprofloxacin inhibits topoisomerase II. Oligonucleosomal DNA fragmentation and the elevation of p53 expression were observed in the present study, indicating that this late-apoptotic event may be mediated by the p53-dependent pathway. Therefore, the results of the current study provide important molecular data concerning the cellular cascade, which may explain the cytotoxicity induced by ciprofloxacin in human triple-negative breast cancer cells, thus providing a novel insight into the therapeutic properties of this drug.
Introduction
Breast cancer is the most common cause of cancer-associated mortality in women and ~1.7 million cases of breast cancer are diagnosed worldwide each year (1) . Out of all breast cancer cases, 15-20% are characterized as triple-negative, which is negative for the expression of estrogen and progesterone receptors and does not exhibit amplification of the HER2/Neu gene (2, 3) . Hormonal or trastuzumab-based therapies are generally ineffective at treating triple-negative breast cancer (TNBC); therefore, taxane, cisplatinum derivatives and bevacizumab, as well as anthracycline-based chemotherapies used alone or in combination with surgery and/or radiotherapy, remain the standard methods of treating TNBC (2, 4) . The overall survival rate of patients with TNBC is poor compared with those that have other subtypes of breast cancer (2) ; therefore, novel chemotherapeutic agents to treat this subtype of breast cancer are required.
DNA topoisomerases are highly specialized nuclear enzymes. By breaking and rejoining DNA strands, they overcome the DNA supercoiling that occurs during DNA replication, transcription and repair (5, 6) . Human DNA topoisomerases are molecular targets of several classes of antineoplastic agents, including camptothecins, anthracyclines and epipodophyllotoxins, which are used to treat various types of cancer, including breast, lung, prostate and hematological cancer (7, 8) .
Fluoroquinolones are a class of synthetic antibiotics that interact with topoisomerase II-DNA complexes and inhibit helix rejoining, resulting in the formation of double-stranded DNA breaks (9) . Fluoroquinolones, including ciprofloxacin, enrofloxacin, moxifloxacin and gatifloxacin exhibit activity not only against bacterial topoisomerase II (DNA gyrase) and topoisomerase IV, but also against eukaryotic topoisomerase IIα, the analogue of DNA gyrase. Therefore, certain members of these antibiotics exhibit marked cytotoxicity in various mammalian cancer cell lines (10) (11) (12) (13) (14) (15) . However, it should be noted that certain treatments for cancer may not distinguish between tumor and non-tumor cells in patients and may therefore induce undesirable side effects, such as genotoxicity (16) .
Ciprofloxacin (Fig. 1A) is a well tolerated second-generation fluoroquinolone antibiotic used to treat patients with community and hospital-acquired infections (16, 17) . It has been suggested that ciprofloxacin is less susceptible to efflux-mediated resistance compared with conventional topoisomerase II chemotherapeutics, including doxorubicin and etoposide (18) .
It is estimated that DNA topoisomerase IIα (TOP2A) is frequently co-amplified with the human epidermal growth factor receptor (HER2) oncogene in 40-50% of breast cancer cases (19) . This may mean that the clinical response to topoisomerase II inhibitor-based chemotherapy is more marked in patients with HER2-positive breast cancer. However, TOP2A amplification may also occur in HER2-negative breast cancer (20) .
The overproduction of reactive oxygen species (ROS) and depletion of cellular antioxidants, including reduced glutathione (GSH), stimulate the induction of cancer cell apoptosis (21) . Hence, strategies aiming at disrupting redox homeostasis may be used to chemosensitize tumors and may represent a novel method of treating cancer (22) .
The overproduction of ROS mediates the signal transduction of apoptosis; increased levels of ROS may induce oxidative stress, loss of cell function and cellular apoptosis. ROS are also able induce lipid peroxidation and the cross-linking of thiol groups in proteins (21) . Furthermore, tumors may be sensitized to chemotherapy and other antitumor treatments by inhibiting antioxidant defenses, such as NADPH or GSH, via metabolic suppression. Therefore, methods of regulating redox signaling in tumor cells may represent promising novel methods of treating cancer (22) .
The overexpression of p53 deregulates regulation of the cell cycle, DNA synthesis and cell apoptosis. Stimulation of the p53 pathway is one of the mechanisms by which anticancer drugs induce the apoptosis of cancer cells (23) . Several p53 downstream target gene products, such as the pro-apoptotic Bax protein, are able to mediate apoptosis; when these products are expressed in concert, apoptosis is induced (24) . Mitochondrial dysfunction mediated by members of the Bcl-2 family, including anti-apoptotic Bcl-2 and pro-apoptotic Bax, is a well known early event of apoptosis (25) . p53 may also inhibit Bcl-2 expression and trigger mitochondrial apoptotic signaling by increasing levels of ROS (25, 26) .
The MDA-MB-231 cell line, is negative for the expression of the estrogen and progesterone receptors and HER2/Neu amplification and is one of the most commonly studied TNCB cell lines (27) .
Studies have demonstrated that ciprofloxacin induces time-and dose-dependent growth inhibition, apoptosis and modulation of the cell cycle in human colorectal (11) , pancreatic (13) and human prostate (14) cancer cell lines. However, to the best of our knowledge, there have been no studies investigating the cytotoxic effect of ciprofloxacin in a TNBC cell line. Therefore, the present study investigated the impact of ciprofloxacin on the viability, redox balance and apoptosis of MDA-MB-231 breast cancer cells.
Materials and methods
Reagents. Ciprofloxacin hydrochloride was obtained from Sigma-Aldrich; Merck kGaA (Darmstadt, Germany). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin, streptomycin, amphotericin B and trypsin/EDTA were all purchased from Cytogen GmbH (Wetzlar, Germany). WST-1 was purchased from Roche Diagnostics GmbH (Mannheim, Germany). Solution 3 (used in the fixed cell-cycle-DAPI assay), consisting of DAPI (1 µg/ml) and Triton X-100 (0.1%) in PBS; solution 7 (used in the mitochondrial potential assay), consisting of JC-1 (200 µg/ml) in dimethyl sulfoxide (DMSO); solution 8 (used in the mitochondrial potential assay) consisting of DAPI (1 µg/ml) in PBS; solution 5 (used to measure intracellular GSH levels) consisting of VitaBright-48™ (VB-48™; 400 µg/ml), propidium iodide (PI; 500 µg/ml) and acridine orange (AO; 1.2 µg/ml) in DMSO; solution 15 consisting of Hoechst 33342 (500 µg/ml); and solution 16 consisting of PI (500 µg/ml) were all purchased from ChemoMetec (Allerod, Denmark). Annexin V-CF488A conjugate and Annexin V binding buffer were obtained from Biotium, Inc. (Fremont, CA, USA).
MDA-MB-231 cell culture. The human epithelial metastatic breast cancer cell line MDA-MB-231 was purchased from the ATCC (ATCC ® HTB-26™; Manassas, VA, USA). Cells were cultured in DMEM supplemented with 10% FBS, penicillin (10,000 U/ml), streptomycin (10 mg/ml) and amphotericin B (0.25 mg/ml) at 37˚C in 5% CO 2 .
Cell viability assay. The viability of MDA-MB-231 cells was evaluated using a WST-1-based microplate colorimetric assay following a previously described protocol (28) . Briefly, 2,500 cells/well were pre-incubated in DMEM for 24 h. Subsequently, the medium was replaced with different concentrations of ciprofloxacin (0.0001, 0.001, 0.01, 0.05, 0.1, 0.5 and 1.0 µmol/ml) and cells were incubated with the drug for 24, 48 or 72 h. WST-1 was added 3 h prior to the end of the incubation periods. The absorbance of samples was measured at 440 nm with a reference wavelength of 650 nm using a microplate reader. The viability of MDA-MB-231 cells that were not treated with ciprofloxacin (controls) were normalized to 100% for each assay and the results of the experiments were expressed as the percentage of the controls. The assay was performed in three independent experiments in triplicate.
Assessment of intracellular GSH levels. GSH levels in MDA-MB-231 cells were measured using the NucleoCounter ® NC-3000™ (ChemoMetec) fluorescence image cytometer following a previously reported protocol (28) . MDA-MB-231 cells were seeded in T-75 flasks (2x10 6 cells/flask) and pretreated in DMEM for 24 h. Subsequently, the medium was replaced with various concentrations of ciprofloxacin (0.01, 0.1 and 1.0 µmol/ml) and cells were incubated with the drug for a further 24 h. Samples were treated with solution 5 according the manufacturer's protocol and analysis was conducted using NucleoView NC-3000 software, version 1.4 (ChemoMetec). The assay was performed in three independent experiments in triplicate.
Annexin V assay. During apoptosis, the presence of phosphatidylserine on the exterior surface of the plasma membrane may be detected using Annexin V-fluorescein isothiocyanate (Annexin V-FITC). This assay is combined with the analysis of exclusion of plasma membrane integrity (PI probe). MDA-MB-231 cells were seeded in T-75 flasks at a density of 2x10 6 cells/flask for 24 h. Cells were then treated with various concentrations of ciprofloxacin (0.01, 0.1 and 1.0 µmol/ml). Following 24 h incubation, cells were harvested by trypsinization and counted using the NucleoCounter image cytometer. A total of 3.0x10 5 cells were suspended in 100 µl Annexin V binding buffer. For each sample, 2 µl Annexin V-CF 488A conjugate and 2 µl solution 15 (Hoechst 33342, final concentration 10 µg/ml) were added and samples were incubated at 37˚C for 15 min using a heating block. Stained cells were then centrifuged at 400 x g at room temperature for 5 min and washed twice with Annexin V binding buffer. Cell pellets were then resuspended in 100 µl Annexin V binding buffer supplemented with solution 16 (10 µg/ml PI) and analyzed immediately using the fluorescence image cytometer. Scatter-plots were used to determine the proportion of healthy cells (Annexin V-negative/PI-negative cells), early apoptotic cells (Annexin V-positive/PI-negative cells) and late apoptotic cells (Annexin V-positive/PI-positive cells). NucleoView NC-3000 software, version 1.4. was used for data analysis. The assay was performed in three independent experiments in triplicate.
Mitochondrial membrane potential assay. The mitochondrial transmembrane potential was measured using the NucleoCounter NC-3000 fluorescence image cytometer following a previously described protocol (28) . MDA-MB-231 cells were seeded in T-75 flasks (2x10 6 cells/flask) and pretreated in DMEM for 24 h. Subsequently, the medium was replaced with different concentrations of ciprofloxacin (0.01, 0.1 and 1.0 µmol/ml) and cells were incubated for 24 and 48 h. Samples were stained with solutions 7 at 37˚C for 15 min. At the end of analysis, cell pellets were resuspended in 250 µl solution 8 and analyzed immediately using NucleoView NC-3000 software, version 1.4 (ChemoMetec). The assay was performed in three independent experiments in triplicate.
Quantitative determination of p53, Bax and Bcl-2 proteins.
The expression of p53, Bax and Bcl-2 in cell lysates following treatment with different concentrations of ciprofloxacin (0.01, 0.1 and 1.0 µmol/ml) for 24 h were measured using human p53 (Biovendor, Brno, Czech Republic), human Bax (Enzo Biochem, New York, NY, USA) and human Bcl-2 (Biovendor) enzyme-linked immunosorbent assay (ELISA) kits (cat. nos. RAF082R, ADI-900-138 and RAF005R, respectively), following the manufacturer's protocol. The expression of p53, Bax and Bcl-2 were normalized to total protein content and expressed as percentages of the controls (lysates of cells that were not treated with ciprofloxacin). Total protein concentration in each lysate was determined using the Pierce BCA Protein assay kit (cat. no. 23225; Thermo Fisher Scientific, Inc., Waltham, MA, USA), with bovine serum albumin as a standard. The assay was performed in three independent experiments in triplicate.
Fixed cell cycle-DAPI assay. Cell cycle analysis of MDA-MB-231 cells was performed using the NucleoCounter NC-3000 fluorescence image cytometer following a previously described protocol (28) . In brief, MDA-MB-231 cells were seeded in T-75 flasks (2x10 6 cells/flask) and pretreated in growth medium for 24 h. The medium was then replaced with different concentrations of ciprofloxacin (0.01, 0.1 and 1.0 µmol/ml) and cells were incubated with the drug for a further 24 h. Cells were fixed with 70% cold-ethanol at 4˚C for 24 h, stained with solution 3 containing DAPI for 5 min at 37˚C and analyzed using the NucleoView NC-3000 software, version 1.4. The assay was performed in three independent experiments in triplicate.
Statistical analysis. For all experiments, at least three separate experiments (n=3) were performed in triplicate and the results are presented as the mean ± standard error of the mean. Statistical analysis was performed using GraphPad Prism 6.01 (GraphPad Software, Inc., La Jolla, CA, USA). Differences among groups were assessed using one-way analysis of variance followed by Dunnett's test. P<0.05 was determined to indicate a significant difference.
Results

Ciprofloxacine reduces MDA-MB-231 cell viability.
To investigate the effect of ciprofloxacin on the viability of human MDA-MB-231 breast cancer cells, a WST-1 assay was performed. The results demonstrated that ciprofloxacin significantly decreased cell viability in a dose-and time-dependent manner ( Fig. 1) . Incubation with 0.01-1 µmol/ml ciprofloxacin for 24 h significantly decreased MDA-MB-231 cell viability by between 24±3 and 53±4%, compared with the control (Fig. 1B) . The cytotoxic effects of ciprofloxacin increased following an increase in the incubation period to 48 h, when the viability of MDA-MB-231 cells treated with 1.0 µmol/ml ciprofloxacin decreased to 33±6% compared with the control. Following 72 h incubation, a significant decrease in cell viability was observed following incubation with all concentrations of ciprofloxacin (Fig. 1B) . The exposure of cells to 0.0001-1.0 µmol/ml ciprofloxacin resulted in a decrease of cell viability of between 15±3 and 74±4%, compared with the control.
The strongest decrease in cell viability following incubation for 24, 48 and 72 h was observed following treatment with 1.0 µmol/ml ciprofloxacin. Furthermore, for MDA-MB-231 cells treated with ciprofloxacin for 24, 48 and 72 h, the concentrations of ciprofloxacin that decreased cell viability by 50% were 0.83, 0.14 and 0.03 µmol/ml, respectively.
Ciprofloxacin induces morphological changes in MDA-MB-231 cells.
Morphological changes of MDA-mB-231 cells were determined using a light-inverted microscope at a magnification of x100. As presented in Fig. 2A , untreated MDA-MB-231 cells grew adherently in culture flask and had a regular shape and size. Treatment with the lowest concentration of ciprofloxacin (0.01 µmol/ml) did not affect the morphology of MDA-MB-231 cells (Fig. 2B) . By contrast, cells treated with higher concentrations of ciprofloxacin (0.1 and 1.0 µmol/ml) for 24 h lost their shape, became round and start to detach from the flask (Fig. 2C and D) . A decrease in the number of cells, as well as a loss in cell-cell contact was also observed.
The effect of ciprofloxacin on cellular GSH levels.
There is a strong correlation between cellular GSH depletion and the progression of apoptosis (22) . In the present study, MDA-MB-231 cells were stained with three different reagents: A stain for all nucleated cells (AO), a stain staining dead cells alone (PI) and VB-48™, a stain that stained all viable cells in an intensity-dependent manner dependent on GSH levels. The results indicated that ciprofloxacin decreased GSH levels in MDA-MB-231 cells (Fig. 3A and B) . Following the exposure of MDA-MB-231 cells to 0.01, 0.1 and 1.0 µmol/ml ciprofloxacin for 24 h, the percentage of PI-negative/VB-48™-negative cells exhibiting low levels of GSH increased from 13% (control) to 16±2, 28±4 and 51±5%, respectively. Treatment of MDA-MB-231 cells with the highest concentration of ciprofloxacin (1.0 µmol/ml) for 24 h increased the percentage of PI-positive cells (dead cells) from 16±2% (control) to 29±3%. The exposure of cells to lower concentrations of ciprofloxacin (0.01 and 0.1 µmol/ml) had no significant effect on the percentage of PI positive cells compared with the control (Fig. 3A) . According to the quantitative analysis of image cytometry data (Fig. 3B) , 24-h incubation of MDA-MB-231 cells with the drug in concentration of 1.0 µmol/ml resulted in a dramatic increase in the ratio of viable cells with low GSH levels to viable cells with high GSH levels.
Ciprofloxacin induces the apoptosis of MDA-MB-231 cells.
Cell apoptosis was estimated using an Annexin V assay. Phosphatidylserine, which is normally located in the inner leaflet of the plasma membrane, is exported to the outer plasma membrane leaflet during apoptosis. Annexins are a group of cellular proteins that bind to phospholipids, such as phosphatidylserine (26) . By conjugating a fluorescent label to Annexin V it is possible to identify and quantify apoptotic cells. Annexin V also binds to phosphatidylserine in late apoptotic cells, but as the membrane integrity of these cells is lost, they may be distinguished from early apoptotic cells using PI. The exposure of MDA-MB-231 cells to ciprofloxacin induced apoptosis (Fig. 4) . Following treatment of cells with 0.01 and 0.1 µmol/ml ciprofloxacin for 24 h, the proportion of early apoptotic (Annexin V-positive/PI-negative) cells increased from 8±2% (control) to 14±3%. The increase in apoptosis was significant following the exposure of cells to the highest concentration of ciprofloxacin (1.0 µmol/ml); the percentage of early apoptotic cells increased from 8±2% (control) to 86±4%. The treatment of MDA-MB-231 cells with 0.01 and 0.1 µmol/ml ciprofloxacin significantly increased the percentages of late apoptotic (Annexin V-positive/PI-positive) cells by ~9±2% compared with the controls. However, treatment with 1.0 µmol/ml ciprofloxacin significantly decreased the proportion of late apoptotic cells compared with the control (Fig. 4B) .
The effect of ciprofloxacin on the mitochondrial membrane potential in MDA-MB-231 cells. Dysregulation of the mitochondrial potential is an event that occurs early on in apoptosis (26) . To detect apoptosis-associated alterations in the mitochondrial membrane in ciprofloxacin-treated breast cancer cells, staining with the lipophilic cationic dyes JC-1 and DAPI were performed, followed by image cytometric analysis. In polarized (healthy) cells, the negative charge established by the intact mitochondrial membrane potential facilitates the accumulation of JC-1 in the mitochondrial matrix, whereas in depolarized (early-apoptotic) cells, JC-1 localizes to the cytosol in its monomeric form (26) . Cellular JC-1 aggregates and monomers were detected as red and green fluorescence, respectively. A decrease in the red/green fluorescence intensity ratio indicated the induction of apoptosis and mitochondrial depolarization. Late-apoptotic cells were detected as blue fluorescent (DAPI-positive) cells (Fig. 5A) . Following image cytometric analysis (Fig. 5B) , the percentages of mitochondrial membrane depolarized cells following treatment with 0.01, 0.1 and 1.0 µmol/ml ciprofloxacin for 24 h was significantly increased and determined to be 46±4, 51±5 and 32±3%, respectively, compared with 16±2% in control cells. The effect was markedly increased following an increase in the incubation time to 48 h; the proportions of mitochondrial membrane depolarized cells following treatment with 0.01, 0.1 and 1.0 µmol/ml ciprofloxacin were 62±4, 67±2 and 56±4%, while the value determined for the control was 17±2%. The results indicate that ciprofloxacin increases the proportion of membrane-depolarized cells in a dose-and time-dependent manner.
A significant increase in blue DAPI fluorescence was observed following exposure of MDA-MB-231 cells to 1.0 µmol/ml ciprofloxacin compared with the control, indicating the induction of late apoptosis. The percentage of late apoptotic (DAPI-positive) cells were 57±3 and 46±2% following 24 and 48 h incubation, respectively. The values determined for the controls were 7±1 and 8±2%, respectively.
The effect of ciprofloxacin on the expression of apoptotic proteins in MDA-MB-231 cells.
To characterize the signaling pathways involved in ciprofloxacin-induced apoptosis, the expression of p53, Bax and Bcl-2 proteins was measured. p53 is a tumor suppressor protein, which can induce apoptosis in response to various stress signals, including irradiation, DNA damage and chemotherapeutic agents (29) . The results of ELISA demonstrated that ciprofloxacin significantly enhanced the expression of p53 in a concentration-dependent manner (Fig. 6A) . Following exposure of MDA-MB-231 cells to 0.01, 0.1 and 1.0 µmol/ml ciprofloxacin for 24 h, the expression of p53 increased by 24±3, 34±2 and 61±5%, respectively, compared with the controls.
The Bcl-2 protein family serves an important role in mitochondria-dependent apoptosis and regulates the mitochondrial membrane potential. Bax proteins are pro-apoptotic and Bcl-2 proteins are anti-apoptotic (26, 29) . The results of ELISA demonstrated that ciprofloxacin significantly enhanced Bax expression in a concentration-dependent manner (Fig. 6B) . Following treatment of MDA-MB-231 cells with 0.01, 0.1 and 1.0 µmol/ml ciprofloxacin for 24 h, the expression of Bax increased by 35±4, 56±3 and 112±6%, respectively, compared with the control (Fig. 6B) . By contrast, the same concentrations of ciprofloxacin suppressed the expression of Bcl-2 by 8±1, 10±2 and 15±2%, respectively, compared with the control (Fig. 6C) . Consequently, the Bax/Bcl-2 ratio significantly increased following treatment with ciprofloxacin in a concentration-dependent manner (Fig. 6D) .
Ciprofloxacin mediates S-phase arrest and DNA fragmentation in MDA-MB-231 cells.
The impact of ciprofloxacin on the MDA-MB-231 breast cancer cell cycle was assessed using a fluorescence image cytometer. Based on the measurement of DNA content in individual cells from the cell population, the proportion of cells occupying the four main phases of the cell cycle was estimated (Fig. 7) . Treatment with 0.01 and 0.1 µmol/ml ciprofloxacin for 24 h significantly increased the proportion of cells in the S-phase from 16±2% in the control to 20±2 and 25±3%, respectively (Fig. 7B ). This indicates that ciprofloxacin induces S-phase arrest in MDA-MB-231 cells. Furthermore, ciprofloxacin induced DNA fragmentation, a late event in the apoptosis pathway. This phenomenon was only identified following treatment of cells with 1.0 µmol/ml ciprofloxacin, where the proportion of cells in the sub-G 1 phase (having less than one DNA equivalent) significantly increased from 5±1 to 78±3%. Furthermore, there was a significant decrease in the proportion of cells in the G 1 /G 0 and G 2 /M phases, from 66±2 to 13±3% and from 13±2 to 2±1%, respectively.
Discussion
Breast cancer is the most common malignancy and the second most common cause of cancer-associated mortality among women worldwide (30) . Current methods of treating breast cancer, such as chemotherapy, often cause the development of high systemic toxicity and drug resistance, leading to the therapeutic failure (3).
Fluoroquinolones are broad-spectrum synthetic antibiotics widely used to treat various infections (16) . Certain members of these antibiotics exhibit antitumor activity in vitro in a number of different cancer cell lines (12, 13, 15, 31) and also in vivo (32) . This antitumor activity was linked to the inhibition of the eukaryotic analogue of DNA gyrase, topoisomerase IIα activity. To the best of our knowledge, the current study was the first to determine the impact of ciprofloxacin on cell viability, GSH levels, the apoptosis pathway and cell cycle distribution in human triple-negative MDA-MB-231 breast cancer cells.
Ciprofloxacin decreased the viability of MDA-MB-231 breast cancer cells in a time-and concentration-dependent manner. Following 24 h incubation with 0.01-1.0 µmol/ml ciprofloxacin, the viability of MDA-MB-231 decreased by 47% compared with the control. The cytotoxic effect intensified with the duration of incubation: 1.0 µmol/ml ciprofloxacin decreased the viability of MDA-MB-231 cells by 67 and 74% compared with the control following incubation for 48 and 72 h, respectively. Microscopic analysis indicated that MDA-MB-231 cells became rounded and lost their cell-cell contact following treatment with ciprofloxacin. Characteristic morphological features of apoptosis, including cell shrinkage, were also observed.
The cytotoxic effects of ciprofloxacin in A549 human non-small cell lung cancer, C6 rat glioblastoma and B16 mouse The authors demonstrated that ciprofloxacin at concentrations of 0.4 and 0.3 µmol/ml (in A549 cells), 16.2 and 2.9 µmol/ml (in C6 cells), and 1.1 and 0.2 µmol/ml (in B16 cells) caused a 50% decrease in cell viability following 24 and 48 h incubation, respectively. The results of the present study detected a 50% decrease in the viability of MDA-MB-231 cells following 24 and 48 h incubation with 0.83 µmol/ml and 0.14 µmol/ml ciprofloxacin, respectively. This indicates that ciprofloxacin induces more cytotoxicity in TNBC MDA-MB-231 cells than in A549, C6 and B16 cells.
Previous studies have demonstrated that fluoroquinolones, including lomefloxacin (33), norfloxacin and moxifloxacin (34) and sparfloxacin (35) may alter the activity of the cellular antioxidant enzymes superoxide dismutase, catalase and GSH peroxidase. It has therefore been hypothesized that fluoroquinolones may induce cellular oxidative stress by triggering the generation of ROS, particularly the superoxide radical anion and hydrogen peroxide.
GSH, the most abundant cellular thiol and the primary determinant of cellular redox homeostasis, is an important mediator in apoptotic pathways (36, 37) . Elevated GSH levels may disrupt apoptosis either by facilitating DNA repair or by buffering oxidative stress. Therefore, GSH depletion increases the sensitivity of cells to apoptosis induced by various chemical agents and radiation (38, 39) . The present study examined whether the cytotoxic response of MDA-MB-231 cells following ciprofloxacin treatment may be associated with decreases in intracellular GSH levels. Ciprofloxacin at concentrations 0.1 and 1.0 µmol/ml caused 2-and 4-fold decreases in the proportion of cells exhibiting reduced GSH levels. These results suggest that ciprofloxacin may trigger apoptosis in MDA-MB-231 cells by decreasing intracellular thiol levels.
In the present study, Annexin V/PI double staining was performed to determined whether ciprofloxacin induces apoptosis in MDA-MB-231 breast cancer cells. The proportion of apoptotic cells, including early (Annexin V-positive/PI-negative) and late (Annexin V-positive/PI-positive) apoptotic cells, was increased following the exposure of cells to high concentrations of ciprofloxacin. A 4-fold increase in the proportion of apoptotic cells occurred following treatment with 1.0 µmol/ml ciprofloxacin.
To the best of our knowledge, there have been no previous studies investigating the effect of fluoroquinolones on human TNBC cells. It is hypothesized that fluoroquinolones inhibit bacterial type II topoisomerase (DNA gyrase), however there is also evidence to suggest that they may affect the viability of cells, including cancer cells (12, 13, (33) (34) (35) . The anticancer activity of topoisomerase inhibitors may potentially occur via the inhibition of mitochondrial DNA synthesis, which subsequently induces mitochondrial injury, disorders in the respiratory chain and depletion of intracellular ATP stores. Energy depletion favors apoptosis, as it may induce cell cycle arrest in the S-and/or G 2 /M phases (26). The present study investigated the mitochondria-associated events that occur during apoptosis in MDA-MB-231 cells following treatment with ciprofloxacin. It was demonstrated that ciprofloxacin induces apoptosis in breast cancer cells due to mitochondrial membrane breakdown. Treatment with 0.01, 0.1 and 1.0 µmol/ml ciprofloxacin for 24 h increased the proportion of depolarized/apoptotic cells by 30, 35 and 16%, respectively, compared with the control. This effect was more pronounced when the cells were treated with the drug for 48 h; the proportion of depolarized/apoptotic cells reached 50%. Furthermore, the proportion of late apoptotic cells increased following treatment with ciprofloxacin, reaching a peak following treatment with 1.0 µmol/ml ciprofloxacin for 24 h. Similar results were obtained by Herold et al (11) , where the cytotoxic response of human colorectal carcinoma cells to ciprofloxacin treatment was mediated by the mitochondrial apoptosis pathway.
It has been reported that one of the key responses of drug-induced DNA damage is the expression of p53 that leads to induction of apoptosis via the intrinsic mitochondrial pathway (26, 29) . The results demonstrated that ciprofloxacin induces apoptosis in MDA-MB-231 cells and that this was accompanied by the upregulation of p53 expression. This suggests that the activation of p53 pathway may be involved in the apoptosis of MDA-MB-231 cells following treatment with ciprofloxacin. It was also observed that ciprofloxacin mediates the upregulation of Bax and downregulation of Bcl-2 expression, thus inducing apoptosis. Therefore, ciprofloxacin may stimulate the opening of the mitochondrial permeability transition pores via the Bax/Bcl-2-dependent pathway.
It has been demonstrated that cell cycle regulation is a method of regulating cell growth (26) . Therefore, anticancer therapies may be used to block the cancer cell cycle. In the present study, fluorescence image cytometer analysis revealed that lower concentrations of ciprofloxacin (0.01 and 0.1 µmol/ml) induced S-phase cell cycle arrest in MDA-MB-231 cells, suggesting that this occurs via topoisomerase II inhibition. It has been demonstrated by kloskowski et al (31) that in human non-small lung cancer cells, ciprofloxacin induces cell cycle arrest at the G 2 /M checkpoint. Therefore, different molecular mechanisms of drug action may dominate depending on the cell type and origin. Furthermore, different molecular pathways may be activated by various fluoroquinolone derivatives in the same cell line (40) .
The results of the Annexin V assay indicated that ciprofloxacin increased the proportion of apoptotic cells. To determine whether this increase was also triggered by apoptosis-associated DNA fragmentation, the induction of DNA fragmentation in MDA-MB-231 cells following exposure to ciprofloxacin was investigated. The highest concentration of ciprofloxacin (1.0 mM) induced oligonucleosomal DNA fragmentation (the presence of sub-G 1 fraction), strongly suggesting that apoptosis was induced via the p53-dependent pathway. These results are consistent with the results of our recent study, which revealed that ciprofloxacin mediates the induction of S-phase arrest and apoptosis in COLO829 melanoma cells (41) . They are also consistent with the results of study by Yadav et al (13) , which identified the ability of ciprofloxacin to induce DNA fragmentation and S-phase arrest in human pancreatic cancer cells.
Serum concentrations of ciprofloxacin in humans following two oral doses of 750 mg are ~10-fold lower (42) than the concentrations that have a significant cytotoxic and pro-apoptotic effect on the MDA-MB-231 cell line. However, concentrations of ciprofloxacin in the targeted tissues may exceed those in the serum. Indeed, the concentration of ciprofloxacin following oral administration is up to 7 times higher in the lung tissue than in the serum (43) . Furthermore, according to the results of our previous study, ciprofloxacin forms complexes with melanin and therefore this drug may accumulate in tissues containing high levels of melanin (44) . Melanin biopolymers are present not only in the basal layer of the epidermis, but also in the outer parts of the breast, including the nipple and areola, hair follicles, uveal tract of the eye, the inner ear and central nervous system (45) . In most cases of breast cancer in which the dermo-epidermal junction is breached, the accumulation of melanin within breast tumors may occur due to colonization by melanocytes, which are the cells responsible for melanin synthesis (46) . Therefore, it is possible that ciprofloxacin concentrations in breast cancer cells may be significantly higher than in the serum and therefore a cytotoxic response, as well as the induction of apoptosis in the presence of this drug, may occur.
In conclusion, to the best of our knowledge, the present study is the first to indicate that ciprofloxacin induces concentrationand time-dependent decreases in human MDA-MB-231 breast cancer cell viability, induces apoptosis via the p53/Bax/Bcl-2 signaling pathway and induces S-phase cell cycle arrest. This suggests a mechanism of eukaryotic topoisomerase poisoning. The results of the present study provide important molecular data concerning the cellular cascade, which may explain the cytotoxic effects of ciprofloxacin on human TMBC cells and may provide a novel insight into the therapeutic properties of ciprofloxacin. Further in vivo studies are required to determine the potential use of ciprofloxacin to treat TNBC.
